Introduction {#sec1-1}
============

Fulminant liver failure (FLF) has a mortality rate of 50-90% if liver transplantation is unavailable; it is responsible for approximately 5% of liver-related deaths \[[@ref1]-[@ref3]\]. Although liver transplantation improved FLF patients' outcomes over the last two decades \[[@ref4],[@ref5]\], this option is limited by donor shortages among deceased donors and donor safety among living donors, although auxiliary partial orthotopic liver transplantation is currently available for FLF \[[@ref6],[@ref7]\]. Therefore, development of effective alternative therapies is needed to improve survival of FLF patients. When liver grafts are not immediately available, therapies to assist liver function until an allograft becomes available might also have clinical applications in maintaining FLF patients within suitable status as liver transplantation candidates. Development of such therapeutic strategies is indispensable for the improvement in FLF outcomes. Such research requires appropriate models, but this field lacks a suitable animal model for FLF \[[@ref8]-[@ref12]\].

Ideally, an animal FLF model would offer reversibility, reproducibility, a therapeutic window, liver-related deaths, suitably sized subject animals, and minimal hazard to research personnel \[[@ref8],[@ref11]\]. Although researchers have introduced many toxins (e.g., azoxymethane (AOM), galactosamine (Gal), tumor necrosis factor-alpha (TNFα), acetaminophen, carbon tetrachloride, paracetamol and thioacetamide) to several animals \[[@ref8],[@ref9],[@ref11],[@ref13]-[@ref22]\], all are far from ideal. Here, we introduce our FLF model, using the mouse, with AOM, and with Gal and TNFα, and discuss the advantages and disadvantages of each, with a review of earlier literature.

Material and Methods {#sec1-2}
====================

Animals {#sec2-1}
-------

Inbred C57BL/6 mice (male, 8--12 weeks of age, approximately 25 g) were used (C57BL/6NHsd; Harlan Laboratories, Indianapolis, IN, USA). All mice were maintained under specific pathogen-free conditions. Body weight (bw) was measured before experiment. Mice were kept well hydrated prior to drug injection. All experimental protocols were approved by the ethics committees of the Mayo Clinic (IACUC 33307 and 24907). Mice were kept in 12-h light/dark cycles in a temperature-controlled, air-conditioned room, and received food and water. Animal handling and care met requirements of our institutional animal welfare guidelines.

AOM {#sec2-2}
---

AOM (Azoxymethane, A5486; Sigma-Aldrich Co., St. Louis, MO) was given via intraperitoneal injection (i.p.), 0.25 mL/mouse, using fine needles (30 gauge, 0.5 inch, BD Precision Single-use Needles; Becton Dickson and Company, Franklin Lakes, NJ, USA). AOM is carcinogenic and hepatotoxic for humans; its fumes are toxic after volatilization in room air. Experiments with AOM require prepared environments. To prevent the spread of vaporized AOM into the room air, AOM should be kept in a bottle with a tight rubber cap. All handling should be performed in biohazard rooms in which negative atmospheric pressure prevents diffusion of vaporized AOM to outside areas ([Fig. 1A](#F1){ref-type="fig"}). Detailed experimental procedures and closed observation after AOM injection should be performed under a fume hood with evacuation system ([Fig. 1B](#F1){ref-type="fig"}). Unless otherwise described (as in the dose-dependant study), this study used doses of 100 µg/bw of AOM.

![Safe environments for experiments with azoxymethane (AOM). A. Biohazard room. AOM is very hazardous, for both mice and humans. All handling should therefore be performed in a biohazard room where controlled ambient pressure restricts diffusion of vaporized AOM from outside areas. B. Fume hood with evacuation system. Detailed experimental procedures and closed observation after AOM injections should be performed at a fume hood with an evacuation system. C. Heating pads for body temperature (BT) care after AOM injection. Heating pads were used to maintain BT after AOM injection. Surface temperature of the cage bottom was maintained at 37.1-37.3 °C. D. Bushed cage with food and water. Solid food was placed in cage. Food gel for rodents was also prepared with water in feeding dishes.](AnnGastroenterol-24-294-g001){#F1}

Gal followed by TNFα {#sec2-5}
--------------------

A total of 1.0 mg bw of Gal (D-(+)-galactosamine hydrochloride, G1639; Sigma-Aldrich Co.) was initially given via i.p. injection, 0.50 mL/mouse, using 28-gauge needles. Mice then received second i.p. injections, 0.50 mL/mouse, of TNFα (Recombinant Mouse TNFα aa 80235, 410MT; R&D Systems, Inc., Minneapolis, MN, USA), 2 hours after an initial Gal injection. Unless otherwise described (as in the dose-dependant study), doses of 0.10 µg/g bw of TNFα were used in this study.

Biochemical assays and coagulation profiles in the blood samples {#sec2-3}
----------------------------------------------------------------

Serum levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT) and total bilirubin (T-Bil) were assessed by quantitative determination kits (AST, ALT and T-Bil Reagent; Biotron, Hemet, CA, USA), respectively. The microplate reader (Spectra Max M5e; Molecular Devices, Sunnyvale, CA, USA) was set at 540 nm for wavelength measurement. Plasma and serum were taken in separator tubes (BD Microtainer; Becton Dickson). Plasma was used to measure international normalized ratios of prothrombin time (PT-INR), using a blood analyzer (i-STAT System, Abbott, Princeton, NJ, USA).

Caregiving after injections {#sec2-4}
---------------------------

Changes in body temperature (BT) offer a means of assessing the health of subject mice, especially after AOM injections \[[@ref14]\]; BT was periodically measured with rectal probes (Diqi-Sense, Type T Thermocouple Thermometer; Eutech Instruments Pte Ltd., Ayer Rajah Crescent, Singapore). Surface temperatures of cage bottoms were maintained at 37.1--37.3 °C using heating pads (high level, RightTemp, RTHS-SM; Kent Scientific Co., Torrington, CT, USA) ([Fig. 1C](#F1){ref-type="fig"}) \[[@ref14]\]; murine BT was kept at approximately 36 °C. After AOM injections, mouse BT was measured every 2 h until 12 h after injection; thereafter BTs were checked every 1 h. For Gal+TNFα-treated mice, BT was checked every 1 h after TNFα injections.

Accurate survival curves for an FLF model require close follow-up. After AOM injection, mice were checked visually every 2 h until 12 h after injections were given, and hourly thereafter. Mice treated with Gal+TNFα injections were checked hourly after TNFα injections.

The coma scale for mice, which was slightly modified from the previous scale, is summarized in [Table 1](#T1){ref-type="table"} \[[@ref8],[@ref23],[@ref24]\]. To obtain a reliable coma stage, close and/or continuous observation of murine behavior was required. Detailed evaluation about coma status of the mice was performed after their AOM or Gal+TNFα injections.

###### 

Coma scale for mice

![](AnnGastroenterol-24-294-g002)

Bushed cages were used. Solid food was placed in the cage. Food gel for rodents was also prepared in feeding dishes with water ([Fig. 1D](#F1){ref-type="fig"}).

Hydration supplements {#sec2-6}
---------------------

Sufficient hydration is important for successful FLF models, because spontaneous drinking activity will be decreased. For animal models in our laboratory, we used supplements with 10% dextrose solution (10% Dextrose Injection USP, 505 mOsm/L, pH 4.0, Baxter, Deerfield, IL, USA), 5% dextrose solution (5% Dextrose Injection USP, 252 mOsm/L, pH 4.0, Baxter), Ringer's solution (Ringer's solution USP, 310 mOsm/L, pH 5.8, B. Braun Medical, Inc., Irvine, CA, USA), isotonic saline (0.9% Sodium Chloride Injection USP, 308 mOsm/L, pH 5.6, Hospira, Inc., Lake Forest, IL, USA), and lactated Ringer's solution (Lactated Ringer's solution USP, 275 mOsm/L, pH 6.2, B. Braun Medical, Inc.). Lactated Ringer's solution was warmed to approximately 37 °C using warm water. In AOM-treated mice, 0.5 mL/mouse, i.p. was given every 1-2 h, starting 6 h after AOM injection. In Gal+TNFα-treated mice, 0.5 mL/mouse, i.p. was given every 1 h, starting 2 h after TNFα injections.

Histopathological assessments {#sec2-7}
-----------------------------

Liver tissue was fixed in 10% neutral-buffered formalin (Protocol, 032-059, Fisher Scientific, Inc., Kalamazoo, MI, USA), embedded in paraffin, and sliced into 4 µm-thick sections. Morphological characteristics were evaluated after standard hematoxylin-eosin (H-E) staining.

Statistical analysis {#sec2-8}
--------------------

Data are presented as mean ± standard deviation. Univariate and multivariate analyses were used for the between-group comparisons as follows: Student's *t* test and X^2^ test for unpaired continuous or discontinuous variables; repeated-measure ANOVA for changes over time; Kaplan-Meier method for survival curves; and log-rank test for survival rates. Statistical calculations were performed using SPSS Software Version 16.0 (SPSS Inc., Chicago, IL, USA). The *P* values \< 0.05 and ≥ 0.05 were considered statistically significant and not significant (NS), respectively.

Results {#sec1-3}
=======

Effects of BT care in controls {#sec2-9}
------------------------------

First, the effect of BT care itself was investigated in mice receiving saline injections. There were two groups of mice: those who were given BT care after saline injections (0.50 mL/ mouse, i.p.; *n* = 10), and mice who received no such care after saline injections (*n* = 10). Hydration supplements were given every 6 h after saline injections. Survival and BT were checked every 2 h. Liver and blood samples were taken 30 h after initial injections. There were no significant differences between the two control groups in survival curves ([Fig. 2A](#F2){ref-type="fig"}), changes in BT over time (Fig. 2B), or levels of AST, ALT, T-Bil and PTINR ([Fig. 2C](#F2){ref-type="fig"}) (*P* ≥ 0.05 for all categories). Histopathological assessment showed normal findings in mice with BT care ([Fig. 2D](#F2){ref-type="fig"}). Hence, BT care had no effects on control mice.

![Effects of body temperature (BT) care in mice after saline injection. A. Survival curves in mice with and without BT care. B. Changes of BT in mice with and without BT care. C. Biochemical parameters and coagulation profile in mice with or without BT care. D. Histopathological findings in mice with BT care (hematoxylin-eosin, ×100). Normal findings were confirmed in mice with BT care.\
ALT, alanine aminotransferase; AST, aspartate aminotransferase; NS, not significant; PT-INR, international normalized ratio of prothrombin time; T-Bil, total bilirubin](AnnGastroenterol-24-294-g003){#F2}

Effects of BT care on survival in FLF models {#sec2-10}
--------------------------------------------

As described above, BT care had no relevant effects on control mice. However, hypothermia in mice after AOM injection has been previously described\[[@ref14],[@ref25]\]. We therefore investigated the effects of BT care and changes in BT in mice injected with AOM (*n* = 10), and in mice injected with Gal+TNFα (*n* = 10). Hydration supplements were given.

The AOM-treated mice who received BT care had significantly different survival curves and BT changes over time from AOM-treated mice who received no such care (*P* = 0.0002 and *P* = 0.0003, respectively; [Fig. 3A](#F3){ref-type="fig"} and [3B](#F3){ref-type="fig"}, respectively). In contrast, among mice treated with Gal+TNFα, there were no significant differences between groups with or without BT care in survival curves ([Fig. 3C](#F3){ref-type="fig"}) and BT changes over time after TNFα injections ([Fig. 3D](#F3){ref-type="fig"}) (*P* ≥ 0.05, for both survival and BT changes).

![Survival curves and body temperature (BT) changes over time in the mice after azoxymethane (AOM) or galactosamine (Gal) + tumor necrosis factor (TNF)α injection, with or without BT care. A. Survival curves in mice with AOM injection with or without BT care. B. Changes over time of BT after AOM injection with or without BT care. C. Survival curves in mice with Gal+TNFα injection with or without BT care. D. Changes in BT over time after Gal+TNFα injection with or without BT care.\
NS, not significant](AnnGastroenterol-24-294-g004){#F3}

Histopathological findings, biochemical parameters and coagulation profiles in FLF models with BT care {#sec2-11}
------------------------------------------------------------------------------------------------------

Histopathological findings, biochemical parameters and coagulation profiles were investigated in mice after AOM treatment (*n* = 10) or Gal+TNFα treatment (*n* = 10), with both groups receiving BT care. Mice in both treatment groups were given hydration supplements. Liver and blood samples were taken at death, or at 30 h after initial injections.

Histopathological findings of liver-related deaths in both FLF models are shown in [Fig. 4](#F4){ref-type="fig"} (H-E, ×100 and ×200). In both FLF models given BT care, histopathological assessment showed consistent FLF findings, such as massive necrosis, intrahepatic bleeding, vacuolization and inflammatory cells infiltrations. Levels of AST, ALT, T-Bil and PT-INR are shown in [Fig. 5](#F5){ref-type="fig"}. While there were no significant differences in ALT (949.1 ± 77.7 vs. 814.1±200.3 U/L, *P* ≥ 0.05) and T-Bil (1.68±0.55 vs. 1.31±0.28 mg/dL, *P* ≥ 0.05) between the FLF models, there were significant differences in AST (896.1±108.8 vs. 727.2±219.7 U/L, *P* = 0.0429) and PT-INR (0.77±0.05 vs. 0.87±0.09, *P* = 0.0135).

![Histopathological findings for liver-related deaths in both fulminant liver failure (FLF) models with body temperature (BT) care. Consistent findings of FLF, such as massive necrosis, intrahepatic bleeding, vacuolization and inflammatory cells infiltrations, were confirmed. A. Histopathological findings in mice treated with azoxymethane (AOM) with BT care (hematoxylin-eosin, ×100). B. Histopathological findings in mice treated with AOM with BT care (hematoxylin-eosin, ×200). C. Histopathological findings in mice treated with galactosamine (Gal) + tumor necrosis factor (TNF)α with BT care (hematoxylin-eosin, ×100). D. Histopathological findings in mice treated with Gal+TNFα with BT care (hematoxylin-eosin, ×200).](AnnGastroenterol-24-294-g005){#F4}

![Survival curves, effects of hydration on coagulation profiles and differences in the intervals of coma stages between fulminant liver failure (FLF) models. A. Survival curves after azoxymethane (AOM) or galactosamine (Gal) + tumor necrosis factor (TNF)αinjection with body temperature (BT) care. Our laboratory used doses of 100 µg/g bw for AOM and 0.10 µg/g bw for TNFα, with routine BT care (*n* = 10 for both groups). B. Effects of hydration on coagulation profile. Mice PT-INR was investigated after AOM or Gal+TNFα injection with BT care. Mice were classified into two groups; mice with and without sufficient hydration (*n* = 10 for both groups); sufficient hydration was defined as hydration supplements (lactated Ringer's solution, 0.5 mL/mouse, i.p) hourly from 6 h after AOM injections and from 2 h after TNFα injections. Insufficient hydration was defined as hydration supplements were given every 4 h after AOM or Gal+TNFα injections. Blood samples were taken at death or 30 h after initial injection. C. Durations of each coma stage in FLF models. The durations of each coma stage were measured in mice after AOM or Gal+TNFα injections with BT care (*n* = 10 for both groups). D. Length of each stage as a percentage of total stage-1-4 time. The period between stages 1-4 was considered to be the diseased state; lengths of each stage as a percentage of the diseased state were calculated in the mice after AOM or Gal+TNFα injections with BT care (*n* = 10 for both groups).\
bw, body weight; NS, not significant](AnnGastroenterol-24-294-g006){#F5}

Effects of hydration on coagulation profiles and comastage intervals in FLF models with BT care {#sec2-12}
-----------------------------------------------------------------------------------------------

Survival curves of mice given BT care after AOM (*n* = 10) or Gal+TNFα (*n* = 10) injections are shown in [Figure 5A](#F5){ref-type="fig"}. Mice treated with AOM clearly showed liver-related death in autopsy findings.

Sufficient hydration was also found to be important, as were close observation and BT care, because spontaneous activity decreased after AOM and Gal+TNFα treatments \[[@ref8]\]. Coagulation profiles were investigated in mice with BT care after AOM or Gal+TNFα injections. Mice were classified into two groups: with or without sufficient hydration (*n* = 10 for both groups). Sufficient hydration was as described above, as hydration supplements (lactated Ringer's solution, 0.5 mL/mouse, i.p) given every hour, starting 6 h after AOM injection or 2 h after TNFα injection. Insufficient hydration consisted of hydration supplements given every 4 h after AOM or Gal+TNFα injection. Blood samples were taken at death or 30 h after initial injection. There were significant differences in PT-INRs between sufficiently- and insufficiently-hydrated mice after AOM injections (1.07±0.05 vs. 0.77±0.05, *P* \< 0.0001) and after Gal+TNFα injection (1.07±0.05 vs. 0.87±0.09, *P* \<0.0001) ([Fig. 5B](#F5){ref-type="fig"}). Hydration has clear effects on PT-INR in both FLF models.

To evaluate the therapeutic window in each coma stage, durations of each stage were studied. Using the murine coma scale ([Table 1](#T1){ref-type="table"}), the intervals of each coma stage were measured after treatment with AOM (*n* = 10) or Gal+TNFα (*n* = 10), with BT care. Times of each coma stage in both FLF models are shown ([Fig. 5C](#F5){ref-type="fig"}). The AOM model and the Gal+TNFα model showed significant differences in their respective durations of stage 0 (12.90±1.91 vs. 5.45±1.14 h, *P* \< 0.0001), stage 1 (1.95±0.76 vs. 0.90±0.32 h, *P* = 0.0008), stage 2 (2.25±1.25 vs. 0.70±0.35 h, *P* = 0.0014), stage 3 (1.75±0.82 vs. 0.12±0.08 h, *P* \< 0.0001) and stage 4 (0.25±0.26 vs. 0.03±0.05 h, *P* \< 0.0001). Mice treated with AOM had longer intervals in each stage than did mice treated with Gal+TNFα. The period during stages 1--4 was considered to be a diseased state; there were significant differences between the FLF models in the duration of the diseased state (6.20±2.35 vs. 1.75±0.50 h, *P* \< 0.0001). The percentage of each stage against the entire diseased state was also calculated **(**[Fig. 5D](#F5){ref-type="fig"}**)**. Although stage 2 (33.9±8.5 vs. 39.2±9.9 %, *P* ≥ 0.05) and stage 4 (4.3±4.9 vs. 1.9±3.2 %, *P* ≥ 0.05) did not show significant differences, there were significant differences in stage 1 (33.3±9.3 vs. 51.4±12.2%, *P* = 0.016) and stage 3 (28.4±7.6 vs. 7.5±6.0%, *P* \< 0.0001).

Dose-dependent survival in BT-treated mice given AOM or Gal+TNFα {#sec2-13}
----------------------------------------------------------------

While mice were usually dosed at 100 µg/g bw for AOM or 0.10 µg/g bw for TNFα, with routine BT care, dose-dependent survival studies in both FLF models with BT care were performed.

For AOM, doses of 50 or 100 µg/g bw have been used in many previous studies\[[@ref8],[@ref14],[@ref23],[@ref25]-[@ref29]\]. Survival curves for BT-treated mice receiving one of these two doses (*n* = 10 for each dose) are shown in [Fig. 6](#F6){ref-type="fig"}. Survival ranged from within 19 h for mice dosed at 50 µg/g bw and within 7 h for mice dosed at 100 µg/g bw, though all mice died of liver-related causes.

![Dose-dependent survival curves after azoxymethane (AOM) injections, with body temperature (BT) care.](AnnGastroenterol-24-294-g007){#F6}

For TNFα, researchers have used doses ranging from 0.001 to 0.1 µg/g bw \[[@ref15],[@ref30]-[@ref34]\]. We used TNFα doses of 0.01, 0.02, 0.05, 0.10, 0.20, 0.50 and 1.00 µg/g bw, (*n* = 10 for each dose) because all mice receiving TNFα ≤ 0.02 µg/g bw in the preliminary study survived. Survival curves for mice after Gal+TNFα injections with BT care are shown in [Fig. 7](#F7){ref-type="fig"}.

![Dose-dependent survival curves after galactosamine (Gal) + tumor necrosis factor (TNF)αinjections, with body temperature (BT) care.](AnnGastroenterol-24-294-g008){#F7}

Coma scale based on murine behaviors {#sec2-14}
------------------------------------

The coma scale for mice, which was slightly modified from the previous scale, is summarized in [Table 1](#T1){ref-type="table"} \[[@ref8],[@ref23],[@ref24]\]. To obtain a reliable coma stage, close and/or continuous observation of murine behavior was required. Detailed evaluation about coma status of the mice was performed by close observation every 30 min until Stage 2 and continuous monitoring after Stage 2. Important findings for staging were shown in [Fig. 8](#F8){ref-type="fig"}. Note that continuous observation is crucial for reliable staging, especially after Stage 2, because periodic observation never provides an accurate assessment for disease progression and reliable staging for encephalopathy.

![Neurological findings for coma staging in fulminant liver failure (FLF)models. 6To obtain a reliable coma stage, close and/or continuous observation of murine behavior was required. Detailed evaluation about coma status of the mice was performed by the close observation of every 30 min until Stage 2 and the continuous monitor after Stage 2. Note that the continuous observation is crucial for a reliable staging, especially after Stage 2, because the periodic observation never provide an accurate assessment for disease progression and a reliable staging for encephalopathy. A. A mouse at Stage 0 stands straight and runs fast. B. Mouse at Stage 1 walks slow but straight (red arrow). The movement of the feet is slightly impaired (blue arrow). C. At Stage 2, an ataxic finding is enhanced, but any reflexes are kept. The totter is observed (blue arrow), and mouse can not walk straight (red arrow). D. Mouse at Stage 3 is lethargic, and all spontaneous activities are lost. Subsequently, the mouse cannot recover from supine position. E. Eyelash reflex is disturbed at the late phase of Stage 3. F. Mouse becomes unresponsive and grows complacent at Stage 4 (blue arrow).](AnnGastroenterol-24-294-g009){#F8}

Discussion {#sec1-4}
==========

Animal FLF models for dogs, pigs, rabbits, rats and mice have been previously documented \[[@ref8]\]. Although different models may be required to evaluate the various types of liver failure seen in humans, mice are particularly suitable for laboratory assays due to the growing availability of gene-altered or knock-out strains and the development of specific agents and antibodies. Essential criteria for animal FLF models should include high reproducibility, liver failure-related death, long therapeutic window, suitably sized subject animals and minimal hazard to personnel \[[@ref8],[@ref11]\]. Since pre-coma and comatose status have therapeutic values \[[@ref23]\], many studies target stages 2 and 3. AOM has enough windows in each stage, even at the dose of 100 µg/g bw. Our results suggested that murine FLF model with AOM seemed to fulfill these criteria, except for a biohazard issue.

AOM is the active metabolite of cycasin, found in cycad palm nuts, only on the island of Guam, USA \[[@ref35]\]. In 1963, Laqueur et al \[[@ref36]\] discovered that cycad palm nuts induced various cancers of gastrointestinal and colorectal tracts. Interestingly, they described anecdotally that AOM also caused liver injury \[[@ref36]\]. Thereafter, AOM has been widely used for the research in the Oncology and Hepatology fields. Although an AOM dose of 20 µg/bw g i.p. is not hepatotoxic in mice \[[@ref8]\], doses of 50-200 µg/g bw i.p. clearly resulted in liver failure with identical histopathological findings \[[@ref8]\]. Previously, many researchers used doses of 50 or 100 µg/g bw for liver failure in mice, because AOM has the advantages of reversibility and reproducibility \[[@ref8],[@ref14]\]. Our institution has also used these doses for murine FLF models \[[@ref23],[@ref27],[@ref28]\]; a dose of 100 µg/g bw is currently used \[[@ref26]\].

Systemic inflammatory response syndrome plays a role in the pathophysiology of FLF \[[@ref37]\], and is associated with a poorer prognosis \[[@ref38]\]. Systemic inflammatory response syndrome is characterized by the presence of proinflammatory cytokines and interferons secreted from activated macrophages and Kuppfer cells, leading to hepatic necrosis \[[@ref39]-[@ref41]\]. Fulminant liver failure is also associated with accumulation of brain cytokines due to hepatic devascularization or toxic liver injury \[[@ref42],[@ref43]\]. Inflammation with FLF is associated with more rapid progression of hepatic encephalopathy and intracranial hypertension \[[@ref14],[@ref37],[@ref44],[@ref45]\] and proinflammatory cytokines contribute to the pathogenesis of the neurological complications of FLF \[[@ref14]\]. Circulating cytokines may enter the brain in regions lacking a blood-brain barrier, or by activation of the endothelial vasculature, where receptors for these cytokines are localized \[[@ref46]\]. Activation of these receptors may then trigger activation of the endothelium, leading to an inflammatory cascade involving activation of nitric oxide synthase, synthesis of reactive oxygen species, and microglial activation. Circulating cytokines may also alter blood-brain barrier permeability, promoting increased brain uptake of toxins such as ammonia \[[@ref47],[@ref48]\].

Mild hypothermic changes during disease progression were documented in the FLF models with AOM or acetaminophen \[[@ref14],[@ref25],[@ref43],[@ref49]\]. Mild hypothermia is effective in reducing liver injury caused by a hepatotoxin; this protective effect is mediated by mechanisms involving improved antioxidant status, together with modulation of inflammation \[[@ref14],[@ref43]\]. Reduction in specific proinflammatory cytokines in plasma and brain results in improvement in FLF prognosis, including neurological complications \[[@ref14]\]. Mild hypothermia resulted in reduced hepatic damage, improvement in neurological function, normalization of glutathione levels, and selective attenuation in expression of circulating proinflammatory cytokines \[[@ref14],[@ref29]\]. In our own results, hypothermic mice showed prolonged survival, although this hypothermia was more drastic rather than mild hypothermia, around 35 °C \[[@ref14],[@ref29]\]. A possible explanation is the differences in age, experimental conditions and intentional hydration. Our results suggest that the AOM FLF model is also useful for investigation of beneficial effects of hypothermic antioxidant and anti-inflammatory mechanisms in FLF prognosis.

Coagulopathy and encephalopathy are important definitive factors for FLF. Our results suggest that blood inspissation due to severe dehydration may mask coagulopathy, and may make coagulation profiles unreliable. Based on our experiences, dehydration is very severe in the diseased state, especially in the AOM FLF model, and blood sampling with enough volume is often technically difficult. With regard to reliable coagulation profiles and stable blood sampling, sufficient hydration is indispensable.

Hydration is maintained by dishes of gel and water during disease progression, because eating and drinking decrease as disease progresses. Spontaneous activity and intake of food/ water will start to decrease from 6 hours after AOM injection \[[@ref8]\]. As reported in the literature \[[@ref8]\] and confirmed by our own observations, at the dose of 100 µg/g bw, approximately 50% of spontaneous behaviors are lost by 6 h after AOM injections, and almost all spontaneous activity disappeared at 12 h after injections. Initially, we had tried to feed the mice orally, using a pipette, but failed to maintain oral feeding because of the risk of aspiration. Supplements via i.p. injection are a reasonable and reliable form of caregiving. Decrease in serum glucose was confirmed from 4 h after AOM injection in the FLF model \[[@ref8]\]. However, administration of exogenous glucose and maintenance of euglycemia did not improve the coma status in the AOM FLF model. This is similar to what has been previously reported in other species, where hypoglycemia is commonly observed to complicate FLF in humans \[[@ref50]-[@ref52]\] and in other animal models of FLF \[[@ref53]-[@ref56]\]. In no instance does correction of hypoglycemia have any impact on improving neurological status in humans or other species suffering from FLF. Finally, edema complicates progression of FLF \[[@ref3]\], with up to 25% of humans reported to suffer edema as a late complication \[[@ref57]\]. Previously, we found that FLF mice at stage 3 died immediately after i.p. injection of supplement with 10% dextrose solution. A possible explanation is rapid change of osmolarity and subsequent hemodynamic disorder due to injection of high osmolarity solution under severe hydration. If so, disease course and death cause may be affected by unexpected issues.

Encephalopathy and brain edema are also important complications in the FLF model. Matkowskyj et al \[[@ref8]\] had described murine behavior in detail. They classified progressive encephalopathy after the prodromal phase due to hepatic failure into four stages based on neurological behaviors: stage I (lethargic), stage II (ataxic), stage III (loss of righting reflex) and stage IV (coma) \[[@ref8]\]. They also showed FLF was to be associated with progressive encephalopathy, and by a prodromal period of decreased eating and drinking lasting approximately 15 h before development of stage I encephalopathy (loss of scatter reflex); and that late encephalopathy, already irreversible, was associated with increased arterial ammonia, decreased serum glucose, and evidence of brain edema (astrocyte swelling) \[[@ref8]\]. We also observed progressive encephalopathy in FLF model, and suggested that the continuous observation is crucial for a reliable staging, especially after Stage 2. Note that the periodic observation never provides an accurate assessment for disease progression and a reliable staging for encephalopathy.

We have shown that AOM-induced FLF is highly reproducible, without evidence of lot-to-lot variability, and is dose-dependent. These findings therefore suggest that AOM is an excellent agent for the study of FLF. Hepatic encephalopathy is a syndrome characterized by altered neurological status that may rapidly progress to stupor and coma \[[@ref29]\]. Brain edema resulting in increased intracranial pressure is a second major complication of FLF \[[@ref29]\]. Brain edema leads to intracranial hypertension and brain herniation. This is a common cause of mortality in FLF \[[@ref29]\]. A cytotoxic mechanism and changes in the permeability of the blood-brain barrier cause brain edema in FLF \[[@ref58],[@ref59]\]; many researchers have focused on the subtle blood-brain barrier disruption in FLF \[[@ref23],[@ref26],[@ref27],[@ref59]\]. Osmolarity is an important factor as the disease progresses to organ failure and brain edema. Overall, to obtain relevant findings regarding subtle blood-brain barrier disruption we gave sufficient hydration every 1-2 h from 6 h after AOM injection with lactated Ringer's solution, which has the lowest osmolarity pressure and highest pH, though our previous protocol was every 8-12 h after AOM injection (50 µg/g bw) with 10% dextrose solution \[[@ref23],[@ref28]\].

An ideal animal FLF model should fulfill the requirements of reversibility, reproducibility, liver-related death, a therapeutic window, suitably sized subject animals, and minimal hazard to personnel \[[@ref8],[@ref11]\]. AOM is the first toxin to satisfy all these criteria, and is also associated with the development of hepatic encephalopathy \[[@ref8],[@ref11]\], mice treated with AOM provide the best model for FLF, except for possible biohazard to personnel. Although work with this model requires a specialized environment to prevent toxic effects to personnel, and also requires intensive caregiving with regard to BT and hydration to avoid confounding influences, our results show that many researchers can cope with these conditions. The murine FLF model with AOM is highly reproducible, causes death from liver failure, has a long therapeutic window, and generates coagulopathy, liver-associated encephalopathy and brain edema in end-stage liver disease.

One paradoxical problem may arise: as AOM itself may be directly toxic to extrahepatic cells, research that focuses on extrahepatic phenomena in FLF may see its extrahepatic findings mediated by AOM toxicity rather than FLF. Therefore, another model for FLF is also required.

Tumor necrotic factor-α is a proinflammatory cytokine, mainly produced by activated macrophages \[[@ref15]\]. It is a critical early mediator of organ injury \[[@ref60]-[@ref62]\], and is an important mediator in triggering lethal hepatic injury \[[@ref13],[@ref62]\]. It is also available to induce an FLF model \[[@ref30],[@ref34]\]. Carbon tetrachloride is problematic because it gives inconsistent results between experiments and across species, and depending on species, it requires concomitant enzyme induction or partial hepatectomy, because this drug by itself does not induce deep coma \[[@ref55],[@ref63],[@ref64]\]. Acetaminophen and paracetamol also produce inconsistent toxicity from animal to animal and between experiments \[[@ref21],[@ref54],[@ref65]-[@ref67]\]. Hepatotoxicity of Gal was first determined in the rat \[[@ref68]\], and Gal is metabolized only in the liver \[[@ref69]\]. The FLF model with Gal has some disadvantages; Gal is associated with lot-to-lot variability and has no known human correlate as a hepatotoxin \[[@ref53],[@ref56],[@ref70]\]. Furthermore, whereas most toxins cause a centrilobular pattern of injury, Gal produces diffuse rather than zonal injury \[[@ref53],[@ref56],[@ref70]\]. Use of thioacetamide to produce an FLF model requires multiple administrations and supportive therapy \[[@ref8],[@ref71]\]. Thus, FLF models based on Gal, TNFα, acetaminophen, carbon tetrachloride, paracetamol and thioacetamide are far from ideal.

Injection of TNFα in animals causes severe liver cell toxicity, especially when Gal is co-administered \[[@ref30]\]. Tumor necrotic factor-α is a dominant and terminal mediator of specific failure in Gal-sensitized mice \[[@ref72],[@ref73]\]. Some researchers have used an FLF model based on Gal followed by TNFα \[[@ref13],[@ref15],[@ref72],[@ref73]\], or a TNFα-dependent FLF model with galactosamine followed by lipopolysaccharide \[[@ref13],[@ref74],[@ref75]\]. However, many researchers used various doses of these toxins and intervals between injections \[[@ref13],[@ref15],[@ref72],[@ref73]\]. Although many cytokines are involved in inflammatory organ failure, TNFα is sufficient to induce hepatic apoptosis in Gal-sensitized mice \[[@ref13]\]. We performed a preliminary dose-dependent study beforehand in our facility, because FLF models with Gal and/or TNFα have low reversibility, poor reproducibility and low rates of liver-related death compared to the AOM FLF \[[@ref8],[@ref14]\]. Depending on the purpose of an investigation, FLF models using Gal followed by TNFα (0.10 µg/g bw) can be used as a second FLF model \[[@ref26]\].

AOM-induced FLF is the best murine model for research in the fields of liver failure and hepatic encephalopathy, although specialized environments and caregiving are required. A second FLF model is also needed for investigations requiring negation of some of AOM's effects (i.e., extrahepatic toxicity). In any case, thoughtful attention to caregiving and close observation are indispensable for reliable data with successful FLF models.

###### Summary Box

**What is already known:**

Ideally, an animal model for fulminant liver failure (FLF) would offer reversibility, reproducibility, a therapeutic window, liver-related deaths, suitably sized subject animals, and minimal hazard to research personnel.Although researchers have introduced many toxins to several animals, all are far from ideal.

**What the new findings are:**

Azoxymethane (AOM)-induced FLF is the best murine model for research in the fields of liver failure and hepatic encephalopathy, although specialized environments and caregiving are required.A second FLF model is also needed for investigations requiring negation of some of AOM's effects (i.e., extrahepatic toxicity).In any case, thoughtful attention to caregiving and close observation are indispensable for reliable data with successful FLF models.
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